Abstract. Atherosclerosis is characterized by localized lesions distributed in the arterial tree due to the shear stress produced by blood flow. Endothelial cells are directly affected by alterations in blood flow. Dysfunction and injury to endothelial cells has been hypothesized to initiate the pathological processes of atherosclerosis. The present study aimed to investigate the mechanism of shear stress-induced endothelial cellular apoptosis. Shear stress was generated using an artificial device to mimic the impact of disturbed blood flow on cultured human aortic endothelial cells (HAECs). Cellular apoptosis was assessed using a terminal deoxynucleotidyl transferase dUTP nick end labeling assay; an ELISA assay was used to detect the produced interleukin (IL)-1β; specific small interfering (si)RNA was used to knockdown the expression of interleukin-1 receptor-associated kinase 2 (IRAK2) in HAECs and the expression levels of 78 kDa glucose-regulated protein, DNA damage-inducible transcript 3 protein (CHOP), IRAK2 and IL-1β were evaluated using western blotting. The results of the present study demonstrated that artificial shear stress induced endoplasmic reticulum (ER) stress, IL-1β production and apoptosis in HAECs in a time-dependent manner. The inhibition of ER stress, and treatment with interleukin-1 receptor antagonist protein and siRNA against IRAK2 attenuated shear stress-induced CHOP signaling-mediated cellular apoptosis. Therefore, overproduction of IL-1β exacerbated shear stress-induced ER stress-mediated apoptosis via the IRAK2/CHOP signaling pathway in endothelial cells.
Introduction
A number of pathogenic factors, including environmental risk factor exposure, aging, genetic defects and metabolic disorders, are frequently associated with the development of atherosclerosis. As atherosclerotic lesions primarily emerge and develop locally at typical arterial regions, including branched, bifurcated and curvature sites, the local hemodynamics of arteries maybe taken into consideration when investigating the pathogenesis of atherosclerosis (1) . Generally, two types of blood flow patterns characterize the local arterial hemodynamics: The steady laminar blood flow (s-flow), and the disturbed blood flow (d-flow) (2) . Vascular regions dominated by s-flow are relatively atheroresistant; however, d-flow, comprising transient flow, separated flow and reversal, frequently results in shear stress, which makes the subjected vascular region atherosusceptible (3) .
Vascular endothelial cells (ECs) form the inner wall of arterial vessels, and are therefore directly exposed to the blood flow. Under mechanical stimuli, including d-flow, ECs modulate various biological responses, including vasoconstriction maladjustment, local inflammation, oxidative stress and cellular apoptosis (4) . Injury to the arterial endothelium serves an important role in the development of inflammation, redox and coagulation, making the vessel atherosusceptible (5) . A variety of signal transduction pathways may lead to the apoptosis of ECs. It has previously been demonstrated that the mitochondria-induced, death receptor-induced and endoplasmic reticulum stress-induced pathways are the three primary terminal apoptotic signaling pathways (6) (7) (8) .
The majority of newly-synthesized proteins are folded and matured in the endoplasmic reticulum (ER). When the cell is exposed to stressful conditions, the folding and maturation processes cease and the unfolded protein response is initiated. When the accumulation of unfolded/misfolded proteins exceeds the capacity of the ER to correct the assembly of abnormally-folded proteins, the ER stress response is triggered to provoke multiple pathological alterations (9) . As one of the molecular chaperones of ER, 78 kDa glucose-regulated protein (GRP78) binds to stress sensors of the ER (serine/threonine (10) . Activated CHOP is able to initiate the translocation of caspase12 from the ER to the plasma in order to trigger the activation of the caspase cascade (11) . CHOP is generally considered to be a pro-apoptotic factor (12) . A previous study demonstrated that exposure of cultured ECs to d-flow results in an increase in the expression level of GRP78, indicating that d-flow is one of the pathological initiators of ER stress. These previous results formed the basis of the investigation into the involvement of ER stress in the apoptosis of ECs exposed to d-flow (13) . In addition, it has been hypothesized that inflammation may be important in accelerating and exacerbating the formation and rupture of atherosclerotic plaques (14) . Inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukins (ILs) are important transducers and amplifiers of these processes (15) . It was reported that TNF-α may further recruit and stimulate the expression of other ILs to exacerbate inflammation (16) . The IL-1 family is associated with the occurrence and development of numerous inflammatory diseases. A previous study demonstrated that the use of antagonists, including interleukin-1 receptor antagonist protein (IL-1Ra) and interleukin-36 receptor antagonist protein was able to relieve local and systemic inflammation (17) . A recent study observed that IL-1β promoted ER stress-induced cellular apoptosis via interleukin-1 receptor associated kinase 2 (IRAK2) (18) . In the present study, using an artificial in vitro model to mimic d-flow, cultured human aortic endothelial cells (HAECs) were exposed to shear stress. By using an ER stress inhibitor and specific small interfering (si)RNA against IRAK2, the involvement of IRAK2/CHOP signaling in ER stress-mediated shear stress-induced cellular apoptosis was investigated.
Materials and methods
Cell culture and treatment. HAECs were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). L-glutamine (2 mmol/l; Invitrogen; Thermo Fisher Scientific, Inc.) and antibiotics (1% penicillin/streptomycin; Invitrogen; Thermo Fisher Scientific, Inc.). Cells were cultured in a cell incubator providing a humidified environment, with 5% CO 2 and 95% air at 37˚C. Equal amounts of cells were divided into 7 groups, namely the control group (Control), 4-phenylbutyrate Table I .
Target gene silencing using siRNA. In accordance with a previous study, IRAK2 in HAECs was silenced using siRNA (18) . The sequence of the siRNA against IRAK2 was 5'-CTT CGC CTC CTA CGT GAT CAC-3', and was acquired from Shanghai GenePharma Co., Ltd. (Shanghai, China). A scramble sequence, 5'-GAA CAG ACG ACG TTG ACA A-3' , was used as the scramble control. According to the manufacturer's protocol, using HiPerFect siRNA transfection reagent (Qiagen GmbH, Hilden, Germany), the siRNAs were transfected into HAECs at final concentrations of 12.5 mmol/l. Cells were used for subsequent experiments following 24 h culturing.
Artificial d-flow model. The artificial d-flow model was created using a cone-and-plate chamber according to the description in a previous report (19) . This apparatus consists of a cone rotating about its center axis in a tissue culture dish to produce stable laminar flow. The components of the cone-and-late apparatus were produced at the College of Machinery of Xi'an Jiaotong University (Xi'an, China). The HAECs were exposed to d-flow for 0.5, 1, 2, 3 and 4 h. Cellular apoptosis assay. Cellular apoptosis was detected using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The In Situ Cell Death Detection kit (Roche Diagnostics, Basel, Switzerland) was used to perform the detection. Following fixation with 4% paraformaldehyde for 12 h at room temperature (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), cultured HAECs were permeabilized using 1% Triton X-100 (Sigma-Aldrich; Merck KGaA). Cells were subsequently treated with TUNEL staining solution for 1 h at 37˚C in accordance with manufacturer's protocol. After washing the slides five times in PBS and mounted with 3% hydrogen peroxide in formaldehyde, a fluorescence microscope was used to observe TUNEL positive cells. Five fields of view were selected.
IL-1β concentration detection. IL-1β concentration in the cell culture supernatants was measured using an ELISA assay, with a Quantkine Rat IL-1β ELISA kit (catalog no. DLB50; R&D Systems, Inc., Minneapolis, MN, USA). The measurements were carried out according to the manufacturer's protocol. Standard curves and absorbance values were used to calculate the concentrations.
Western blotting. Harvested HAECs were washed and lysed in radioimmunoprecipitation assay buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) supplemented with phenylmethylsulfonyl fluoride (0.5 mmol/l; Santa CruzBiotechnology, Inc.), dithiothreitol (1 mmol/l; Beyotime Institute of Biotechnology, Haimen, China) and protease inhibitor (150 mmol/l; Invitrogen; Thermo Fisher Scientific, Inc.). Protein concentrations were determined using the colorimetric Bradford assay (Pierce; Thermo Fisher Scientific, Inc.). A total of 10 µg protein was loaded onto 10% gels and subjected to SDS-PAGE, and the loaded proteins were separated by vertical electrophoresis. Proteins were subsequently electronically transferred to polyvinylidene fluoride or nitrocellulose membranes (EMD Millipore, Billerica, MA, USA). Following blocking for 1 h in 5% non-fat milk in TBST for 1 h at 25˚C, specific antibodies against IL-1β (catalog no. sc-130323; Santa Cruz Biotechnology, Inc.; dilution 1:2,000), GRP78 (catalog no. 3183; 1:2,000; Cell Signaling Technology, Inc., Danvers, MA, USA), IRAK2 (catalog no. ab62419; 1:1,000; Abcam, Cambridge, UK), CHOP (catalog no. ab10444; 1:2,000; Abcam), caspase 12 (catalog no. ab62484; 1:1,000; Abcam) and GAPDH (catalog no. ab8245; 1:5,000; Abcam) were used to incubate the membranes for 12 h at 4˚C. Corresponding horseradish peroxidase-conjugated secondary antibodies (catalog no. ab7010, Abcam; catalog no. sc2364 and sc3747; Santa Cruz Biotechnology, Inc.) were used to incubate the membranes for 1 h at room temperature, which were illuminated using SuperSignal West Pico enhanced chemiluminescence reagents (Pierce; Thermo Fisher Scientific, Inc.).
Statistical analysis. Data acquired in the present study are presented as the mean ± standard deviation of three independent experiments. The data were analyzed using SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA). Differences between groups were analyzed using one-way analysis of variance followed by Bonferroni's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

d-flow triggers the activation of ER stress, which induces
HAEC apoptosis in a time-dependent manner. As presented in Fig. 1 , following exposure to d-flow, ER stress-mediated apoptotic signaling was observed to be activated in HAECs in a time-dependent manner. The expression levels of the molecular markers of this pathway, GRP78 and CHOP, were observed to be significantly increased in a time-dependent manner. The actual time-dependent d-flow induced apoptosis was observed using a TUNEL assay.
Exposure to d-flow increases the synthesis and secretion of IL-1β in cultured HAECs, in a time-dependent manner.
As demonstrated in Fig. 2 , the synthesis of IL-1β was significantly increased in d-flow-treated HAECs in a time-dependent manner, which was evidenced by an increased protein expression level in harvested HAECs. Additionally, the secretion of IL-1β in d-flow-treated HAECs was observed to be increased in a time-dependent manner, evidenced by increased protein expression in the supernatant of cultured HAECs.
4-PBA incubation attenuates d-flow-mediated HAEC death by suppressing ER stress. Treatment with 4-PBA treatment significantly decreased the expression of GRP78
and CHOP, which were considered to be molecular markers of ER stress-mediated apoptotic signaling. Additionally, results from the TUNEL assay and the expression levels of caspase12 demonstrated that the d-flow induced ER stress mediated apoptosis was inhibited by 4-PBA in HAECs (Fig. 3) . 
IL-1Ra incubation lowers the apoptotic rate of d-flow-exposed
Discussion
Atherosclerotic vascular disease-associated mortality represents a large proportion of cerebrovascular and cardiovascular mortalities worldwide. In the arterial tree, distinct lesions may be observed in different regions due to regional differences in shear stress forces produced by blood flow (20) . A previous study indicated that exposure to d-flow triggers pathological alterations which render ECs dysfunctional and proatherogenic (21) . Apoptosis in the endothelium modulates biological alterations within the vessel wall, including deregulation of vascular wall remodeling, decreased production of vasorelaxant substances and initiation of the coagulation cascade and pro-inflammatory processes (22) (23) (24) . These alterations have been hypothesized to be the mechanisms underlying atherosclerosis. In the present study, cultured HAECs were exposed to d-flow generated by an artificial device. It was observed that The ER is an important cellular organelle, primarily involved in directing protein folding, modification and maturation. Under certain pathological circumstances, when ER stress is severe and prolonged, signal transductions are activated to trigger multiple biological effects (25) . In vivo and in vitro investigations have demonstrated the association between ER stress and atherosclerosis (26) . Administration of an exogenous ER stress activator was observed to promote the formation of atherosclerotic plaques (27) . Evidence of ER stress activation has additionally been observed within the human atherosclerotic endothelium (28) . In addition, ER stress was demonstrated to induce apoptosis in endothelial cells (29) . Therefore, it may be hypothesized that d-flow-induced EC apoptosis is mediated by ER stress. The present study demonstrated that the expression of GRP78, considered to be the chaperone of ER stress, was increased significantly in HAECs following exposure to d-flow. The expression of the pro-apoptotic factor of ER stress, CHOP, was additionally observed to be elevated in d-flow-treated HAECs. The results of the present study indicated that d-flow-induced apoptosis was mediated by ER stress. 4-PBA is one of the specific suppressors of ER stress. In the present study, treatment with 4-PBA inhibited the increased expression levels of GRP78 and CHOP. Therefore, 4-PBA impaired d-flow-induced ER stress-mediated HAEC apoptosis. The results of the present study further supported the hypothesis that d-flow-induced HAEC apoptosis is mediated by ER stress.
It is widely accepted that atherosclerosis is induced and promoted by molecular and cellular pathways of inflammation. Numerous inflammatory cytokines, including TNF-α, tumor growth factor-β and IL-1 provide mechanisms that may be able to alter the arterial biology of the endothelium to favor plaque formation and atherothrombotic events (30) . In a previous study, inflammation and ER stress were hypothesized to be associated as they share a number of effectors and regulators (31) . A ʻvicious cycleʼ was proposed, since inflammatory and ER stress signals were observed to exacerbate cellular apoptosis via their interactions (32) . In the present study, it was demonstrated that, following d-flow exposure, expression level of IL-1β in HAECs and their supernatant increased significantly. ER stress and inflammatory signaling were simultaneously initiated. However, following treatment with the IL-1β receptor antagonist IL-1Ra, cellular apoptosis was attenuated. IL-1Ra treatment decreased the expression level of CHOP in d-flow-treated cells. The results of the present study indicated that IL-1β promoted ER stress-mediated cellular apoptosis via the CHOP signaling pathway.
By binding to its receptor IL-1R, IL-1β activates downstream signaling transduction by forming the IL-1R-AcP complex with an accessory protein (AcP). The C-terminal death domain of this complex couples IRAKs and subsequently activates TNF receptor associated factor-6 to initiate the apoptotic pathway (33, 34) . The close association between ER stress-mediated apoptosis and IRAK2 was identified by a previous study (18) , the results of which demonstrated that the expression of IRAK2 increases in conditions of ER stress. In addition, increased IRAK2 promotes CHOP expression, which transduces the death signal in ER stress-mediated apoptosis. In the present study, RNA interference was used to knockdown the expression of IRAK2. The results of the present study demonstrated that the knockdown of IRAK2 significantly inhibited the d-flow-induced apoptosis of HAECs. It was additionally observed that the knockdown of IRAK2 suppressed the expression of CHOP without an apparent affect on GRP78 and IL-1β. The results of the present study indicated that the secreted IL-1β in d-flow-treated HAECs was involved in exacerbating apoptosis through the IRAK2/CHOP signaling pathway.
In conclusion, by activating ER stress, exposure to d-flow induced HAEC apoptosis via the CHOP signaling pathway. The inflammatory cytokine IL-1β was produced in d-flow-treated HAECs. IL-1β exacerbated d-flow-induced cellular apoptosis. In addition, the apoptotic signal was transduced via the IL-1β/IRAK2/CHOP signaling pathway. This signaling pathway may be considered to be crosstalk between ER stress and inflammation under conditions of disturbed blood flow. The results of the present study may provide a theoretical basis for the identification of potential molecular targets for the treatment of atherosclerosis.
